This paper is about a novel rule-based approach for reasoning about qualitative spatiotemporal relations among technology-rich autonomous objects, to which we refer to as artifacts. The objective of our work is to provide means for defining spatiotemporal constraints -i.e. logical combinations of spatial relations to artifacts at certain time intervals -at a high level of abstraction, and to recognize relative situations therewith. Such constraints are defined with rules that infer high-level relationships for newly recognized situations, which in turn can be used in other constraints. At any time, the history of known relationships can be queried in order to trigger predefined actions. We decided for qualitative abstractions of both spatial and temporal relationships, as they reflect the semantics of natural language terms and thus facilitate dealing with relationships at the application programming level. The core concepts of this reasoning approach are presented, and the implementation of a middleware for spatiotemporal reasoning as well as evaluation results are discussed.
INTRODUCTION
Mobile computing systems have become ubiquitous, and the embedded processing, communication and sensing capabilities of such devices have been rapidly growing during Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. the last decade. An impressive example therefore are mobile phones, which are already available with embedded wireless LAN modules, GPS receivers and accelerometer-based tilt sensors, and thus provide a powerful platform for developing applications that rely on the user's spatial context. We refer as artifacts to such technology-enriched objects, which can also be displays, vehicles and clothes for example. In this work we address the issue of how an artifact can recognize complex spatiotemporal situations relative to its own spatial context, as for example that another one is "passing by right", at a high level of abstraction by exploiting egocentric spatiotemporal relations to surrounding artifacts (i.e. with respect to the recognizing one). Such situations can be defined with constraints on the history of spatial relations it is aware of, by combining spatial and temporal relations to a single artifact with logical rules, which are eventually used for inferring high-level relations to this artifact when the respective situations occur; consequently, inferred relations can in turn be used in other constraints.
The starting point of the paper is that each artifact is able to recognize spatial relationships at certain points in time, and stores time intervals of constant relationships in its local repository. Thus, it is possible to relate such intervals with qualitative temporal relations, which build up the basis for spatiotemporal reasoning. Our work relies on purely qualitative representations of both spatial and temporal relationships, which are considered important whenever a human has to interact with a system that deals with spatial knowledge, as they reflect his natural perception of the world and thus allow for a more intuitive interaction [3] ; moreover, qualitative abstractions are useful whenever precise spatial or temporal relations are not required or unavailable [2] .
The paper is organized as follows. In Section 2, the used qualitative spatial and temporal relations are presented, as well as their combined consideration for spatiotemporal reasoning. In Section 3, the core of a middleware for spatiotemporal reasoning is discussed, which is based upon a rule-engine, and the internal representation of relations as well as the inference of new ones by means of logical rules are explained in detail. For evaluation purposes, we have implemented a prototype which uses an ultrasonic tracking system for acquiring spatial relationships over time, as well as an open-source rule engine for defining constraints on them. Section 4 presents the evaluation results and shows on behalf of a certain spatiotemporal situation how the proposed reasoning approach works. Finally, in the sections 5 and 6, a short overview of related work is given, and ongoing as well as future work are mentioned, respectively.
REPRESENTATION OF RELATIONS

Spatial Relations
Artifacts which are distributed in physical space do have a certain position, direction and extension, which can be changed through translation, rotation and scaling, correspondingly [1] . We refer to the first three properties as static spatial context, because they describe an artifact's spatial situation at a particular point in time, while the latter three are referred to as dynamic spatial context, as they describe how its static situation is changing at that point in time. Our scope is on the position and direction of artifacts in space, their spatial extension is not considered.
We distinguish three types of qualitative static spatial relations which are shown in Figure 1 by means of an exemplary configuration, where two artifacts p (the primary object) and r (the reference object) are placed in two-dimensional Euclidean space. In general, a binary relation R between two objects x and y can be denoted as R(x, y) or xRy, and it is read as "x is in relation R to y". For orientation and direction relations, a cone-based qualitative representation with four equally sized sectors is used, and distance relations partition the space around the reference object r in circular ranges of the same size -except the outer range which is open. For the latter, it is necessary to provide the user with means for customizing the relations' meaning (e.g. what is "near"). The static relations between p and r shown in Figure 1 are right(p,r), medium-dist(p,r) and opposite-dir(p,r). Correspondingly, three kinds of qualitative dynamic spatial relations are distinguished, where each one represents how the respective static spatial situation is changing in terms of metric values at a particular point in time, which however need not result in changes of the qualitative static spatial relations between them. For dynamic orientation relations, the space is partitioned in the same way as for static ones, but around the primary object; the region in which the thick arrow points denotes the dynamic relation. As opposed to orientation, distance and direction relations are one-dimensional properties, which can just change through an increase or decrease of the metric distance (moving away or towards) and the angular difference of their direction axes (rotating clockwise or counterclockwise), respectively. The exemplary dynamic relations shown in Figure 1 are rightward(p,r), away(p,r) and cw-rotating(p,r).
Additionally, the relations stable-orient (for orientation), stable-dist (for distance) and stable-dir (for direction) represent the absence of relative motion. It should be noted that just relative changes between the primary and the reference object are represented; thus, being in a stable position and direction with respect to each other does not mean that there is no motion at all. Additional information like linear velocity for positional and angular velocity for directional relations is left for future work.
Temporal Relations
For reasoning about qualitative spatial relationships among artifacts over time, a representation for the dimension time is required, too. A discrete model is used therefore, which is motivated by the fact that sensor readings (i.e. spatial relationships in our case) are acquired at certain points in time ti ∈ T . For simplicity reasons, we use a virtual time with whole-numbered points, and assume the time difference ∆t between two successive points in time to be constant. Thus, T is defined as follows (with i ∈ N):
The temporal primitives among which relationships can be defined are time intervals. An interval [s, e] is defined by an ordered pair of a start-point s and an end-point e, and it equals a set I of successive points in time: In this regard, we follow the argumentations in [2] and [7] , that the use of intervals corresponds to our intuitive notion of time; moreover, they allow for imprecise, relative temporal information such as "x occurred before y", which is helpful whenever the exact temporal relationships are not of relevance or unavailable. According to [2] , 13 qualitative temporal relations between the intervals can be distinguished at a time, like for example before, equals and during. Figure 2 illustrates these relations between two time intervals a and b by means of pictographic examples, whereas the points represent events (e.g. the recognition of spatial relationships) and the rectangles represent intervals consisting of sequences of events. Each line contains a circle representing the earliest point in time, to which we refer to as recognition point, at which the respective interval relation can definitely be detected.
In the subsequent section, the qualitative temporal relations are used for relating intervals in which certain spatial relations between artifacts exist. In contrast to the definitions given in [2] however, we are considering not a continuous but a discrete time, which results in different semantics of the relations before, after, meets and met-by; with regard to Figure 2 , before(a,b) and after(b,a) are defined with ea < s b in the continuous and ea + ∆t < s b in the discrete case, and the relations meets(a,b) and met-by(b,a) are defined with ea = s b in the discrete and ea + ∆t = s b in the continuous case. With the above definition of intervals it is also possible to represent points as intervals, where the start-and end-point are equal. If points are related with points or intervals, some of the qualitative relations shown in Figure 2 are not possible.
In addition to qualitative temporal relations between intervals, quantitative relations can be used for relating the start and end point of an interval with respect to each other (e.g. ea ≥ sa + 4 · ∆t), or with respect to those of the history [s h , e h ] (where e h is the most recent and s h the oldest point in time when relationships have been recognized), in order to impose constraints on its duration and point in time. We have chosen a quantitative representation therefore, as we consider it not feasible to define meaningful semantics for qualitative terms like "some time ago".
Spatiotemporal Relations
Time intervals in which certain relationships exist can be related with qualitative temporal relations such as before and during. Figure 3 shows exemplary time-series with spatial relations of the artifact y to x, which are illustrated as points and change over time due to their dynamic spatial contexts. Some intervals are illustrated with boxes containing points in time with certain spatial relations, and they are temporally related with other intervals. For example, the relation near(y,x) [1, 2] overlaps with the relation left(y,x) [2, 3] in Figure 3 (the subscript intervals represent the time in which the respective relations exist). As can be seen in the figure, intervals of the same or different types of spatial relations can be temporally related. In the case that just one type of spatial relation (e.g. orientation or distance) is taken for spatiotemporal reasoning, only the temporal relations before, after, meets and metby are possible. For the following, we assume that there are never ambiguities in the sense of alternatively possible qualitative spatial or temporal relations at the same points in time, which may be the result of composition operations [5] or an intentional inaccuracy in order to obtain a coarser granularity.
A crucial point is that spatiotemporal relations, namely temporal relations between intervals of spatial ones, again result in intervals in which they are fulfilled, and can thus be temporally related, too. In the example of Figure 3 , the outmost right interval with the distance relations of y to x consists of the spatial relations near(y,x) [6, 6] , mediumdist(y,x) [7, 8] and far(y,x) [9, 9] , with the temporal relations meets( [6, 6] , [7, 8] ) and meets( [7, 8] , [9, 9] ) between them, respectively. This relation is assigned a new name, e.g. movingaway, as well as the interval [6, 9] in which it exists. It results in the spatiotemporal relation moving-away(y,x) [6, 9] , which is a logical combination of spatial as well as temporal relations, which can again be temporally related with other spatial or spatiotemporal relations (e.g. near(y,x) [1, 2] , cf. Figure 3) .
In addition to temporally relating the intervals of spatial or spatiotemporal relations, they can be combined using and (∧), or (∨) and not (¬). The resulting relation T of a logical combination of two relations R and S is thus defined as follows, according to the set-oriented interval definition in Section 2.2:
For example, the relation combination back(y,x) [8, 9] ∧ moving-away(y,x) [6, 9] results in a new relation with the time interval {8, 9} ∩ {6, 7, 8, 9} = {8, 9} = [8, 9] .
RULE-BASED REASONING
Reasoning Middleware
We have developed a middleware for rule-based reasoning about spatiotemporal relations from the egocentric perspective of an artifact. It serves as a layer of abstraction between the low-level relationship recognition, which provides information about qualitative spatial relations at certain points in time, and the application programming layer.
The core of the middleware is a rule engine for defining spatiotemporal constraints with logical rules, which are combinations of spatial and temporal relations as presented in the preceding section. They can be constructed by an application designer in a natural way, for example with mappings of rules to natural language sentences (cf. Section 4) or by using a graphical user interface which supports the process of selecting and combining relations to rules. They are stored in a rule base and matched against the history of relationships every time the relationship repository changes, whereas a rule is executed for each combination of relationships for which it is fulfilled. A so-called agenda is responsible for resolving conflicts and executing the rules in an appropriate order, as their execution may have an impact on the repository and thus may cause some rules to be removed from the agenda for example. The main components of the rule engine are shown in Figure 4 (cf. [12] ). Rules consist of a conditional part using predicate logic (if -statement), and a consequence part specifying actions which are executed in the case of fulfilled conditions (thenstatement). We consider two types of rules, which are described in more detail in the following subsections:
• Maintenance rules: perform maintenance operations on the relationship repository (cf. Section 3.2)
• Inference rules: infer relations to artifacts with certain spatiotemporal constraints (cf. Section 3.3)
Representing Relations
This subsection describes how relations are represented and maintained in the repository. First, quantitative static spatial relations are recognized at discrete points in time (which are assumed to be at constant intervals), either directly with peer-to-peer sensors such as presented in [13] , or by comparing sensor readings e.g. from a location tracking system with those of other artifacts as proposed in [10] . For the purpose of evaluation, we decided for the latter approach (cf. Section 4). In order to recognize dynamic spatial relations, the respective static ones at two successive points in time are compared. The quantitative values are then qualified as described in Section 2.1; in order to avoid frequent relation changes due to unstable sensor data, we extended the quantitative range of the currently existing static relation by a certain value, and considered dynamic relations as stable unless the quantitative change between two successive sensor values is significantly high.
Once a qualitative relation has been recognized, it is inserted in the repository with the following information:
• A qualitative name denoting the relation
• An identification of the artifact for which it exists
• The time interval in which the relation exists A relation that is recognized at time tnow is inserted with the interval [tnow, tnow] in the repository. Every time a new relation is inserted, or the time-interval of an existing one has changed, all rules are executed by the rule engine. There are two maintenance rules for managing the relationships stored in the repository. The first one merges relations belonging together; it therefore checks the repository for pairs of relations with the same name and artifact identification, whose intervals are not in an after or before relation to each other (cf. Figure 2) . For each such pair, it replaces the interval of one relation with the union of the two intervals, and removes the other relation from the repository. For the relation inserted at tnow, this means that if there already exists a relationship with the same name and artifact identification at the preceding point in time (i.e. with an interval [s, e] where e = tnow − ∆t), its interval is extended to [s, tnow] and the other relation is removed.
The second maintenance rule limits the length of the history [s h , e h ] such that ∀ relations R [s R ,e R ] : sR ≥ s h ∧ eR ≤ e h , which may cause relations to be removed from the repository or their intervals' starting points to be adapted.
Inferring and Querying Relations
We distinguish different categories of situations that can be modelled and recognized with our rule-based approach, and they are classified in Figure 5 with two examples at a time; combinations of them are of course also possible. First, if just spatial relations are combined, the spatial situation at a certain point in time can be recognized, where the respective constraints are e.g. front(p,r) ∧ opposite-dir(p,r) for the static situation "oriented towards each other", and leftwards(p,r) ∧ approaching(p,r) for the dynamic situation "approaching from the right". As spatial relations are internally stored with intervals, it has additionally to be ensured that the intervals of the considered relations are not in an after, before, meets or met-by relation to each other.
Second, if a time series of relations is considered, both spatial relations as well as temporal relations between them have to be combined, where the respective constraints are for
for the static situation "passing by right", and cw-rotating(p,r) [s 1 ,e 1 ] ∧ (e1 ≥ s1+4·∆t) for the dynamic situation "turning around for a while". As can be seen in the latter example, a quantitative relation between the points s1 and e1 is used, expressing that the rotation must continue for at least four points in time. In order to infer high-level relations from spatiotemporal constraints, each constraint is included in the conditional part of a rule. The consequence of a rule is the insertion of a new relationship in the repository, with a name corresponding to the semantic of the constraint (like e.g. the relation moving-away in Section 2.3), an identification of the artifact for which it is fulfilled, as well as the time interval in which it exists. According to Section 2.3, the resulting interval is either an intersection of intervals in the case of a logical and combination of the respective relations, or the interval of a certain relation which fulfills a logical or or not combination. Such new relations can eventually be used in the conditional part of other rules. Due to the late recogni-tion point of temporal relations (cf. Section 2.2), an inserted relation may span a certain time period in the past; this however may cause others to be inserted, or even to be removed if they rely on the non-existence of the new relationship.
During the application execution, newly recognized relationships are inserted in the repository, and others are removed or their intervals changed. At any time, it is possible to query the repository for certain relationships or combinations of them, where conditions on their names, artifact identifications and intervals can be defined; however, querying the repository is beyond the scope of this paper. The rule engine we used for evaluating the proposed concepts supports queries with dedicated rules (cf. Section 4).
EVALUATION
In order to evaluate the rule-based reasoning approach, we have implemented a prototype which uses an ultrasonic 6-DOF motion tracking system from Intersense Inc. [11] for acquiring spatial relationships over time. Two artifacts p and r are represented with the wireless trackers shown in Figure 6 , which can be moved throughout a whole room and provide position and heading information with three degrees of freedom at a time. Static and dynamic position and direction relations in two dimensions are processed from the metric sensor information of the two artifacts, and abstracted to qualitative relations as described in the preceding sections. We used the Java-based rule engine Drools 4.0 [12] for spatiotemporal reasoning, which allows to formulate rules in a domain specific language, and update the rule-base at runtime. Moreover, it automatically removes inferred relationships from the repository if the conditions, for which they were inserted, are no longer true. ) of the two artifacts at a time. The qualitative distances near, medium-dist and far are defined as a distance less than 0, 30m, between 0, 30m and 0, 60m, and greater than 0, 60m, respectively. The figure also shows the according dynamic relations, which start at t = 1, as the previous quantitative static relation is required for recognition.
The qualitative relations, which were recognized from the quantitative relations and inserted in the relationship repository by the reasoning middleware, can be seen in Figure 8 . Due to the continuous movement with artifact p, no stable dynamic relations were recognized. Moreover, there is no change from the qualitative relation medium-dist to near at t = 6 although the quantitative relation is below the threshold of 0, 30m, because the quantitative range of each distance relation was extended by 0, 05m in order to avoid frequent relation changes at the transition from one qualitative distance relation to a neighboring one. Figure 8 also shows the relation passing-by-right, which was recognized first and inserted in the repository at t = 10 (its interval was extended at t = 11..16), as well as passing-by-right-in-vicinity, which is defined as passing-by-right(p,r) ∧ (near(p,r) ∨ mediumdist(p,r)). The length of the history was not limited for this evaluation.
RELATED WORK
Qualitative spatial representation and reasoning has received much attention in the last decade, as can be seen from several surveys like e.g. [5] . Many spatial calculi have been developed, mainly for topological [4] or positional [8] reasoning, as well as for temporal reasoning about intervals [2] , and there are a few software frameworks [6] for using them programmatically. However, only little existing work considers the dimension time for qualitative spatial reasoning purposes, whereas two different types can be distinguished. The first one is reasoning about dynamic spatial relations like forward or moving away as used e.g. in [8] , which exist at certain points in time but do not necessarily lead to changes in the qualitative static spatial relations. The second type is reasoning about qualitative relations over time, which is characterized by discrete jumps between neighboring spatial relations [9] . An approach for qualitative spatiotemporal reasoning about motion sequences is presented in [16] , whereas more accurate inference results are derived by interpreting static representations as motions. A representation of the course of motion using qualitative motion vectors is proposed in [14] , and in [15] a calculus for reasoning about moving objects by a combination of distance and speed constraints is described. 
CONCLUSIONS AND FUTURE WORK
We presented a novel rule-based approach for reasoning about spatiotemporal situations from the egocentric perspective of autonomous artifacts, and implemented a first prototype therefore. Such relative situations are modelled at a high level of abstraction by combining qualitative representations of spatial and temporal relations to spatiotemporal constraints. These constraints are defined with logical rules, which are used by a rule-engine for inferring new high-level relations. As all recognized and inferred relations are associated with time intervals, they can in turn be used in other constraints. The evaluation results show that our approach works reliably for recognizing different categories of relative situations. In comparison to quantitative relations, qualitative representations require less computational power and storage, and make dealing with spatiotemporal constraints at the application programming level more natural.
There is much left for future work, where we consider two issues particularly interesting. First, to make reasoning about relations to multiple artifacts at a time possible, which should allow for dealing with more complex situations. Second, to use the middleware for spatiotemporally constrained interaction among artifacts, where both the interaction time (i.e. when it should occur) and the interaction peers (i.e. with which artifacts messages are exchanged) depend on spatiotemporal relations among them. Further improvements would be to represent multiple alternatively possible relations at the same time, to support relationship recognitions at arbitrary points in time, and to extend the concepts with further relations such as linear and angular velocity with respect to each other.
